Abstract
Introduction
Nowadays the human population is continuously increasing in most areas and hence storage reservoirs are being and will be constructed regularly to meet the increased demand [1] . 'Municipal water reservoirs have three functions: to balance user demand (balancing storage), provide water for fire fighting (fire storage), and maintain the water supply when source interruptions occur (emergency storage)' [2] . 'Theoretically, it is most appropriate to pump water into distribution mains as per the demand pattern of the area, and in that case, there will be no need for the water reservoir, but this becomes very tedious to manage apart from being uneconomical. Thus, a service reservoir is a necessity' [1] .
Service reservoir and associated pump station, which deliver water into the reservoir when energy from the energy power system is used, are usually designed according to deterministic guidelines that specify minimal water service reservoir and optimal pump system capacity. Such guidelines have to accommodate a large range of possible conditions, meaning that systems are potentially overdesigned, but reliable. In accordance with the respective norms and particular situations, influence of fire and emergency volumes on operation volume analysis may be neglected [1, 3, 4] . Based on the above, only the balancing of water storage will be calculated in this paper.
In the case of using energy from the electric power network to drive the pumping station that pumps water into the water reservoir, three regimes of pumping station are usual. The first mode of water pumping (Regime I) is for a period of 24 hours during one day, while the other pumping regime is during cheaper electricity (usually in the period 22-6), or "off-peak" period (Regime II). In case solar photovoltaic PV energy is used, the pumping station works in the period in which the intensity and duration of solar radiation are such that they can produce enough electric energy for its operation (Regime III). The last depends on climate characteristics of the observed area, i.e. technological characteristics of the water supply and PV system.
Literature review
The importance or impact of the regime of pumping on technological and economic characteristics of the entire water supply system and each of its parts (subsystem) has been described in the literature.
The example of the analyzed case study in Denmark found that 'wholesale power prices vary significantly on the hourly time scale. Flexible management of pumping rates at this time scale can result in significant cost savings in water well operation and can contribute to balancing the power market, enabling higher penetration of renewable energy sources ("smart grid"). In this approach, it is assumed that pumping rates are adjusted at the hourly time scale. In every single hourly time step, the optimal pumping rate is determined based on the present wholesale power price, the amount of water in storage and the hour of the day' [5] .
In accordance with the proposal of transforming occasional pumping regime into continuous for the case study in Palestine, [6] , that recommendation is a motivation for the analysis of pumping regime in view of duration and start of pumping. The above mentioned is aimed at adjustment, i.e. transformation of the existing temporary pumping regimes to continuous regimes. [7] in the case study in Korea prove that pumping regime affects not only the cost of pumping, but also the durability and reliability of the water supply system.
In the PhD thesis [8] , in the example of case study in United Kingdom it was established that, from hydraulic and economic point of view, more intensive pumping, i.e. pumping with increased capacity during off-peak electric energy is optimal. The same recommendation is given in [9] . The second conclusion, directly linked to the pumping regime, is that due to the increased pumping capacity it is necessary to ensure a sufficient volume of water reservoir [8] .
An additional problem is temporary operation of pumps or discrete pump discharges. Thus the following applies: 'When pump speeds are considered fixed, the solutions for pump discharges are a discrete set of feasible operating points. There may also be limitations in the number of times pumps are turned "on" or "off"' [10] .
'There are two possibilities for reducing water distribution system pumping costs due to energy price; modify the pumps or modify the pumping patterns. Modifying the pumps is usually an effective way to reduce the cost due the fact that usually the pump's optimal operation conditions are not met, since the system characteristics have changed from the design process, yet this option incurs in high investment. The second option, modifying the pumping patterns, is also a feasible solution to reduce pumping costs and is easier to implement. Energy tariffs have different conditions in every country, but generally they vary according to the time of the day. When this is the situation, energy tariffs tend to be higher during peak hours, same as water demand. Based on this concept, the idea is to do most pumping during off-peak hours, in order for the pumps to use the least expensive energy' [11] .
For the case of four cities in India, it has been established 'that water consumption does not change appreciably under continued water supply, if the consumer water demand is satisfied under intermittent water supply. Even short duration of water supply with enough pressure can satisfy the consumer demand better than long duration with less pressure. There is significant increase in water consumption during continuous water supply due to unmetered and unauthorized supply connections and leakages in distribution system. Water consumption patterns for slum areas, smaller and metro cities need to be studied to arrive at the general conclusion on domestic water demand under intermittent and continued water supply' [12] .
The above literature review justifies the idea of analyzing the pumping station and water reservoir work regime. The fact is that 'in water supply, pumping systems represent major operational expenditure and account for the greatest use of energy' [13] , which was confirmed in [14] and [15] . The set functional dependencies of the operating regime would significantly contribute to achieving the objective of economic and operational work sustainability of the water supply systems. This is supported by the fact that so far, the connection between the start and duration (regime change) of pumping and its impact on the size of the pumping station and water reservoir has not been analyzed, and thus determined and systematized.
Methodology
The capacity of the pumping station Q PS is defined by the equation [15] :
where Q max,daily (m 3 /day) is maximum daily water consumption in the year, whereas T PS (h) is the daily working time of the pumping station. The water reservoir volume V is determined by graphical or numerical procedure by integral curve methodology [15] . It is a simple procedure which is based on the fact that in the period of exchange (usually 1 day, up to 7 days) all water that flowed into the reservoir, Q PS , flows out of it, Q WS :
where t is usually from 1 to 24 h. The value Q WS depends on water consumption regime by the users, and Q PS depends on the pumping station operation regime.
In each time unit within which the flow is observed in a day (typically for one hour), a certain quantity of water enters the reservoir, another quantity flows out of the reservoir, and a certain quantity remains in the system, Fig. 1 Water supply to a storage reservoir is generally best supplied at a fixed flow rate, which allows capital costs to be minimized and purification plants and pumps to operate at maximum efficiency. Water demand, on the other hand, is highly variable and is influenced by a large number of factors. 'The main function of a municipal storage reservoir is to balance differences between supply and demand in order to provide users with reliable water supply in the most economic way' [17] .
The question arises regarding the determining of the start time and duration of pumping station operation, i.e. the regime of pumping water into the water reservoir in order to observe the impact of the above said on the capacity of the pumping station Q PS and reservoir volume V. First, the impact of different starts of pumping into the reservoir will be analyzed, for the case when the duration of water pumping is T PS = 24 hours (Regime I). In this mode, no change is expected in the required capacities of the pumping station Q PS and reservoir volumes V for every different start of pumping. The first start of pumping is from 0 hours, and every new start is 1 h more than the previous.
After that, the impact of different starts of pumping water is analyzed, for this case, for water pumping regime in the "offpeak" period (Regime II), and the pumping regime when PV energy is used (Regime III). Naturally, it is understood that in Regime II and III water pumping, i.e. pumping station operation won't last 24 hours as in Regime I, but will be shorter. All three regimes of water flow into the reservoir are analyzed with respect to the two water consumption regimes by the users.
Also, longer period of water pumping T PS into the water reservoir requires smaller reservoir volume V.
After determining the required pumping station Q PS and reservoir volume V for the above regimes of water consumption and pumping, we determine the existence of functional dependence between the obtained capacities of the pumping station Q PS and different duration of water pumping into the reservoir T PS . The existence of functional dependence between the reservoir volume V and different duration of water pumping T PS is also determined. We also want to determine the connection between the pumping station capacity Q PS and reservoir volume V (and vice versa) for Regimes II and III.
Results and Discussion

Case study
Two common regimes of water consumption, Regime W1 and Regime W2, are observed in a hypothetical example of settlement located in the coastal part of Croatia, Fig. 2 In addition to water consumption regimes W1 and W2, three previously mentioned regimes of pumping water into the reservoir have been defined:
• Regime I (from 0 to 24 h) by using classical electric energy;
• Regime II ("off-peak" hours from 22 do 6) by using classical electric energy;
• Regime III (period of solar radiation from 6 to 18) by using PV energy.
It is adopted that in every hour the pumping station pumps a constant amount of water into the reservoir.
Analysis of Regime I
First, we analyze the effect of different pumping starts for Regime I within 24 hours, starting at 1 o'clock, where each new start is 1 hour later than the previous one. Every new step of pumping duration is two hours. Every hour Q PS = 102 m 3 /h is pumped into the reservoir for consumption regime W1 and W2, Fig. 4 The value Q PS is obtained by Eq. (1) . By Eq. (2), the following reservoir volumes are obtained, Fig. 5 For consumption regime W1 reservoir volume V is 394 m 3 , while for regime W2 the reservoir volume V is 602 m 3 . It is evident that in the case of pumping water in the duration of T PS = 24 hours (Regime I) the different start of pumping has no effect on the pumping station capacity Q PS and reservoir volume V in both regimes of consumption by users, W1 and W2. The analysis of Fig. 4 and 5 shows that there is a constant relationship between the pumping station capacity Q PS and duration of pumping T PS which is 24 h:
For the reservoir volume V also applies:
It is also useful to have an insight into the cumulated hourly inflow and outflow to see how the reservoir balances the daily variation in demand for the two analyzed scenarios, W1 and W2, for the Regime I., Fig. 6 and Fig. 7 In Figures 6 and 7 it is evident that daily peaking of the inflow and outflow is achieved, since at the end of the time series of pumping (at 24 h) the curves end in the same point which is equal to Q max,daily = 2440 m 3 /day). It is obvious that the same conclusions must be obtained for Regime II and III, therefore, they are not specifically stated. 
Analysis of Regime II
In case the pumping time T S is less than 24 hours in one day, different pumping starts affect the reservoir volume V. Changes in the pumping station capacity Q PS and reservoir volume V are analyzed in view of water pumping regime in "off-peak" period, from 22 to 6 (Regime II) for both water consumption regimes by the population, W1 and W2.
First, the change in pumping station capacity Q PS is analyzed, followed by the analysis of changes in reservoir volume V for Regime II and Regime of water consumption W1. The pumping of water into the reservoir starts from 22 h and ends at 6 h. The minimum duration of pumping is T PS = 2 hours, and maximum is T PS = 8 hours. Each new pumping time step is 2 hours. The required pumping station capacities Q PS , obtained by Eq. (1) are presented in Fig. 8 Water reservoir volumes V, obtained by Eq. (2) are presented in Fig. 9 A linear dependence is obtained between the reservoir volume V and duration of pumping T PS . The determination coefficient R 2 is also very high and equals 0.9, which indicates a significant correlation. There is a noticeable tendency of reducing the reservoir volume V with increasing duration of pumping into the reservoir, T PS , and vice versa. For the purpose of further verification of the conclusions drawn, a sensitivity analysis has been performed, with respect to the start and duration of pumping, with new pumping start at 20 h, and ending at 8 h, with minimum pumping time again T PS = 2 hours, while this time the maximum pumping time is T PS = 12 hours, Fig. 10 and 11 . Each new step of pumping in this case is 2 h. Exponential dependence of the pumping station capacity Q PS on pumping time T PS was also obtained in this case, with determination coefficient R 2 once again equals 1. Again, the linear relationship between the reservoir volume V and pumping time T PS is obtained, with a very high determination coefficient R 2 = 0.915. Linear relationship between V and T PS is hereby confirmed. Fig. 12 shows the correlation between the pumping station capacity Q PS and reservoir volume V for pumping from 22 h and at 20 h, Fig. 13 Exponential relationship proved to be the most appropriate for this case. This resulted in functional dependence with a significant connection, as is evident from the size of the determination coefficient, R 2 = 0.764 for pumping from 22 h, or R 2 = 0.764 for pumping from 20 h. It can be seen here that with the increase of the pumping station capacity Q PS , the reservoir volume is higher and vice versa. Fig. 14 and  15 . It should be noted that in this case the pumping regime, i.e. inflow of water into the reservoir is the same as in pumping regime W1 (Fig. 8 and 10) , therefore it will not be presented.
Again, a significant linear dependence can be seen (R 2 = 0.968 for pumping from 22 h, and R 2 = 0.952 for pumping from 20 h) between reservoir volume V and pumping duration T PS , as can be seen for water consumption regime W1. Fig. 16 shows exponential relationship between the pumping station capacity Q PS and reservoir volume V for Regime W2 for pumping start from 22 h, or 20 h, Fig. 17 Here it can also be observed that significant correlation between the pumping station capacity Q PS and reservoir volume Based on the analysis of Regime II, the resulting functional dependences can be written in a general form. The following relation applies for the pumping station capacity Q PS and duration of pumping T PS :
For the reservoir volume and pumping time T PS , the following relation applies:
And finally, the following relation applies for the pumping Fig. 16 . Capacity of the pump station and volume of the water reservoir for Regime II and Regime W2 for water pumping from 22 h 
where a, b and c are coefficients which depend on the water consumption regime and they are obtained by the method of least squares. 
Analysis of Regime III
In this case it is assumed that the intensity and duration of solar radiation are sufficient to ensure continuous work of the pumping station i.e. pumping of water into the reservoir in the required periods of inflow. The results are shown in Fig. 18 -27. The pumping starts at 6 h and lasts until 18 h and from 8 h until 16 h, which is characteristic for the usual duration of solar radiation. Hereinafter, the same procedure was performed as in Regime II, so it will not be described to avoid unnecessary repetition. Analysis for water consumption regime W2 was carried out, (Fig. 24 -27) analogous to the previous analysis of water consumption regime W1.
The analysis of the obtained functional dependences for Regime III also confirms the functional relations obtained by the same analysis for Regime II, presented by Eqs. (5) -(7).
Conclusions
This research has established certain functional connections between the pumping station capacity Q PS , reservoir volume V, and duration of pumping T PS with respect to certain starts of pumping in view of characteristic pumping regimes, which are: constant pumping in the duration of 24 hours (Regime I), "offpeak" period from 22 to 6 h (Regime II) and pumping in the case solar photovoltaic (PV) energy is used (Regime III). In order to facilitate comparisons and drawing conclusions, for each of the three pumping regimes (Regime I, Regime II and Regime III), two water consumption regimes are defined, Regime W1 and Regime W2. Certain functional dependences have been determined after the performed analysis. Specifically, it is about power dependence between the pumping station capacity Q PS and duration of pumping T PS . After that, linear relationship between the reservoir volume V and duration of pumping T PS was determined. Finally, exponential dependence between the pumping station capacity Q PS and reservoir volume V was determined. These dependencies are determined for water pumping Regimes II and III into the reservoir, as well as for both regimes of water consumption, W1 and W2. For Regime I these dependencies are constant, because there are no changes in the capacity of the pumping station Q PS and volume of water reservoirs V, as water pumping is constant throughout the day (0 -24 hours), as opposed to pumping water in Regime II and III.
The purpose of power dependence between the capacity of the pumping station Q PS and duration of pumping T PS is to determine the increase or decrease of the pumping station capacity Q PS if the need arises to change the existing pumping regime. This is especially important if, for example, instead of the usual "off-peak" period, pumping is performed during solar radiation, i.e. when using PV energy or vice versa.
Linear dependence between the reservoir volume V and duration of pumping T PS shows that it is sufficient to know, or calculate, the reservoir volume V at the start and end of pumping in view of specific duration of pumping T PS . The other necessary reservoir volumes V between the start and end of pumping are determined by the resulting linear dependence between V and T PS . The above has an application in cases of change of pumping station regime for the case of reducing or increasing the duration of pumping T PS . It is determined here whether the existing reservoir volume V can meet such a change in the duration of pumping T PS . In other words, we want to give an answer to the question whether the reservoir volume V will be sufficient to accept some other amount of water that comes into the reservoir. As in the case of dependency between the capacity of the pumping station Q PS and duration of pumping T PS , this also has significant application if, for example, instead of the usual "offpeak" period, pumping is performed during solar radiation, i.e. when using PV energy or vice versa.
The purpose of exponential dependence between the capacity of the pumping station Q PS and reservoir volume V is to check the required capacity of the pumping station Q PS or reservoir volume V if the need arises for increasing or decreasing the reservoir V, as well as in the case of the need to reduce or increase the capacity of the pumping station Q PS . The increase or decrease of the pumping station capacity Q PS or reservoir volume V is determined by the obtained power relationship. As in the relationship between Q PS and T PS , and also V and T PS , the exponential dependence between Q PS and V is important if, for example, instead of the usual "off-peak" period, pumping is performed during solar radiation, i.e. when using PV energy or vice versa.
When pumping water into the reservoir from 0 -24 hours (Regime I), the pumping station capacity and reservoir volumes are minimum, with respect to Regimes II and III. The pumping station capacity and reservoir volume in Regimes II and III are approximately the same. Therefore, the choice between the regime of pumping water into the reservoir, Regime II and III, mainly depends on the selection of energy sources to operate pumping stations (conventional energy from the power network or PV energy). SWOT analysis, cost-benefit analysis, as well as the application of multi-criteria methods should be relied upon. The multi-criteria methods are nowadays particularly important, because in addition to economic objectives, environmental and social objectives should be met. In other words, the selected solution must be sustainable with respect to the above three objectives (criteria). The resulting conclusions and functional dependencies are primarily intended for analysis and change in the existing operating regime of the already built water supply systems. The emphasis is on the work of pumping stations and water reservoirs. Normally, the displayed functional dependences can also be used in the planned water supply systems. It is useful to examine possible changes in the capacity of the pumping station and water reservoir volume that can happen during a future time.
No matter what kind of analysis is performed on the hypothetical example of the settlement located in Croatia, the presented research is applicable to any location in the world. In doing so, actual local climate, social and technological characteristics of the observed area, or water supply system, must be taken into account.
